The Mg 100Àx Pd x (x ¼ 10, 20 and 30), Mg 80 Ni 20Ày Pd y (y ¼ 5 and 10) and Mg 75 Ni 20 Pd 5 amorphous alloys were prepared by the singleroller melt-spinning technique. The electrical resistance was measured during electrochemical hydrogen charging in 6N KOH solution. The Mg 90 Pd 10 amorphous alloy shows larger increase in the electrical resistance by hydrogen absorption than any other alloys prepared in this study. Moreover, the electrical resistance of those alloys was also measured in hydrogen-dissolved water prepared by the bubbling method. As a result, it was found that the electrical resistance increases with increasing immersion time and that the increase amount of the electrical resistance is dependent on the alloy composition. The increase amount of the electrical resistance of the Mg 90 Pd 10 amorphous alloy is much larger than those of other alloys prepared in this work. The increase amount of the electrical resistance of the Mg 90 Pd 10 amorphous alloy after immersion in hydrogen-dissolved water for 300 s is dependent on the concentration of hydrogen in water, and it increases with increasing hydrogen concentration in water. From these results, it is confirmed that hydrogen absorption has a great influence on the electrical resistance of the Mgbased amorphous alloys and that the sensitivity to hydrogen can change largely depending on the alloy composition even in the similar alloy systems.
Introduction
Alkali-Ion-Water obtained by water electrolysis with an Alkali-Ion-Water Electrolyzer 1) is known to give good effects for health such as antacid effects and efficacy against gastrointestinal disorders. Recently, hydrogen dissolved in water has been supposed to be one of the factors which bring the good effects mentioned above. [2] [3] [4] If the effect of dissolved hydrogen on health is clarified, the control of the hydrogen concentration in water has attracted much attention from the viewpoint of medical science.
As a hydrogen sensor in water, just only one system, that is a polarography-type sensor, is commercially available now. 5) However, this system has some disadvantages such as high cost, large size and degradation during service. Especially, in order to apply to home appliances, low cost and small size are definitely required. Therefore, we have tried to develop a new system for the hydrogen sensor in water.
Since an Au-Si amorphous alloy was discovered in 1960, 6) a great number of amorphous alloys have been produced in Fe-, Co-, Ni-, Ti-, Zr-and Nb-based systems. These transition-metal-based amorphous alloys exhibit some useful properties such as high strength, high corrosion resistance and excellent soft magnetic properties. [7] [8] [9] [10] [11] Since amorphousforming elements such as Zr and Ti also possess high affinity for hydrogen, these amorphous alloys can absorb a large amount of hydrogen. Moreover, the electrical resistance of amorphous alloys is higher than that of crystalline ones. 12) If the electrical resistance of amorphous alloys is changed by hydrogen charging and discharging, they may be used as a simple hydrogen sensor. Therefore, the objective of this work is to measure the electrical resistance of amorphous alloys during hydrogenation and to investigate the possibility of amorphous alloys as hydrogen sensing materials in water.
Since the Mg-based hydrogen storage alloys are known to be highly promising hydrogen storage materials, [13] [14] [15] melt-spun Mg-based amorphous alloys were prepared for the measurements in this work.
Experimental
Mg 100Àx Pd x (x ¼ 10, 20 and 30), Mg 80 Ni 20Ày Pd y (y ¼ 5 and 10) and Mg 75 Ni 20 Pd 5 alloy ingots were prepared from pure metals with a high-frequency induction furnace. From these master alloys, amorphous alloy ribbons of 15-30 mm in thickness and 0.5-1.0 mm in width were produced by the single-roller melt-spinning technique. The diameter of the nozzle was about 0.3 mm. The circumferential speed of a rotating wheel was controlled in the range from 31 to 42 m/s. In order to calculate the specific electrical resistance () of each sample, the electrical resistance was measured by means of the direct-current four-probe technique. The amorphicity of each sample was examined by X-ray diffractometry (CuK, 40 kV, 30 mA, hereafter denoted as XRD).
Figure 1(a) shows a schematic illustration of a sample holder to measure the electrical resistance of a ribbon sample. Each sample was cut into a piece of 87 mm in length and fixed to the sample holder as shown in Fig. 1(a) . Figure 1(b) shows a schematic illustration of an electrochemical hydrogen charging system used in this work. Stainless bars shown in Fig. 1 (a) were connected with a digital multi-meter (ADVANTEST, Digital Multi-Meter R6451A) for the electrical resistance measurements and one of the stainless bars and a Pt plate were connected with a galvanostat (HOKUTO DENKO, Galvanostat HA-301) for electrochemical hydrogen charging. As shown in Fig. 1(b) , the two-probe technique was employed for the continuous measurements of the electrical resistance (R; R 0 ).
Using this system, we measured the electrical resistance of the melt-spun amorphous alloys in 6N KOH solution at room temperature. The electrochemical hydrogenation of the samples was performed at the current density of 24 A/m 2 for 300 s in the KOH solution.
The electrical resistance of the samples immersed in hydrogen-dissolved water was also measured using this system without the galvanostat. The sample was immersed partially in pure water of 500 mL. Hydrogen was introduced in water by hydrogen gas bubbling through a glass filter. The hydrogen flow rate was 0.35 mL/s. Hydrogen in the water was absorbed spontaneously in a sample without electrochemical charging. The concentration of hydrogen in water was measured with a commercially available polarographytype hydrogen sensor (TOA DKK, DH METER DH-35A).
Since the amount of hydrogen absorbed in a thin ribbon sample was extremely small, it was impossible to quantify the hydrogen amount reliably. In this work, the present authors focused on the electrical resistance change by the electrochemical charging in KOH solution and by the immersion in the hydrogen-dissolved water, which may correspond to hydrogen absorption.
Results and Discussion
The specific electrical resistance () of the alloys prepared in this work is summarized in Table 1 . The specific electrical resistance of each alloy is in the range from 0.8 to 1.0 mm. Figure 2 shows XRD patterns of the alloys prepared in this work. Only broad diffraction peaks are seen for all the alloys, indicating the formation of a single amorphous phase. Since it was reported previously that amorphous alloys in the MgPd system can be formed in a composition range from 10 to 35 at%Pd, 16) there was no problem to prepare even binary Mg-Pd amorphous alloys in this work. Table 2 summarizes the normalized electrical resistance (R=R 0 ) of the alloys before and after electrochemical hydrogen charging at the current density of 24 A/m 2 for 300 s in 6N KOH solution, where R 0 is the initial electrical resistance of each sample. As shown in the table, the electrical resistance of each alloy increases after hydrogen charging. Especially, the Mg 90 Pd 10 amorphous alloy shows the largest increase among the alloys. However, the reason why the electrical resistance of the Mg 90 Pd 10 amorphous alloy significantly increases has not been clear yet. Further structural analyses will be required to understand this significant increase in the sensitivity of the electrical resistance of the Mg 90 Pd 10 amorphous alloy to hydrogen. In the next experiments, the alloys were immersed in hydrogen-dissolved water for 1000 s. Then, the alloys absorbed hydrogen in the water and showed the increase in the electrical resistance. The increase amount of the electrical Fig. 1 Schematic illustrations of (a) the sample holder for fixing a meltspun alloy and (b) the system for electrolysis and electrical resistance measurements. Intensity (a.u.) resistance would correspond to the hydrogen concentration in the water. So, we can know the hydrogen concentration from the electrical resistance measurement. Figure 3 indicates the normalized electrical resistance (R=R 0 ) of the Mg-Pd and Mg-Ni-Pd amorphous alloys immersed in the hydrogen-dissolved water as a function of hydrogen bubbling time together with the hydrogen concentration in the water. The hydrogen concentration shown in Fig. 3 was measured without a sample in the water bath. The change in the hydrogen concentration in the water due to the hydrogen absorption by the sample must be small because the volume of the sample was extremely small in comparison with the water bath. Therefore, it is possible to apply this curve to the hydrogen concentration change during the electrical resistance measurement of the sample. Figure 3 shows that the electrical resistance of all the samples increases with bubbling time. We also examined the change in the electrical resistance of the Mg 90 Pd 10 amorphous alloy immersed for 300 s in water in which the concentration of hydrogen was controlled beforehand by changing the bubbling time. The results are shown in Fig. 4 . Although the hydrogen concentration in the water shown in Fig. 3 is nearly saturated to 1.0 mass ppm, it is possible to obtain the hydrogen-dissolved water with 1.170 mass ppm H 2 by bubbling for longer time. When the Mg 90 Pd 10 amorphous alloy is immersed for 300 s in pure water without hydrogen bubbling, the electrical resistance of the alloy increases by 0.5% (R=R 0 ¼ 1:005). This indicates that a certain chemical reaction, such as a reaction of Mg with H 2 O, may happen at the alloy surface 17) but that the effect of this reaction on the electrical resistance change is negligible in this study. It has been reported that the Mg 2 Ni alloy immersed in an aqueous solution reacts with H 2 O and produces hydrogen, then some amount of produced hydrogen can dissolve into the alloy. 18) Anyway, the amount of the change in the electrical resistance caused by this kind of reaction is negligible in this work. When the Mg 90 Pd 10 amorphous alloy is immersed in the pure water with three Thus, we have confirmed that hydrogen absorption has a great influence on the electrical resistance of an amorphous alloy and the sensitivity to hydrogen heavily depends on the alloy composition even in the same binary and ternary alloy systems. Although Ni is known as a catalyst for the hydrogen storage, 19) Ni addition in the Mg-Pd binary system does not affect the sensitivity to hydrogen as shown in this work. According to the results of this work, the melt-spun Mgbased amorphous alloys have possibility to be used as a hydrogen sensing material in water.
Summary
Effect of hydrogen absorption on the electrical resistance of the melt-spun Mg-Pd and Mg-Ni-Pd amorphous alloys was investigated in this work. The results are summarized as follows; (1) The electrical resistance of the Mg-Pd and Mg-Ni-Pd amorphous alloys increases after electrochemical hydrogen charging in 6N KOH solution. Especially, the electrical resistance of the Mg 90 Pd 10 amorphous alloy shows a remarkable increase after electrochemical charging.
(2) The electrical resistance of the Mg-Pd and Mg-Ni-Pd amorphous alloys immersed in pure water with hydrogen bubbling increases with immersion time. Especially, the electrical resistance of the Mg 90 Pd 10 amorphous alloy increases drastically in hydrogen-dissolved water. (3) The increase amount of the electrical resistance of the Mg 90 Pd 10 amorphous alloy after immersion in hydrogendissolved water for 300 s is dependent on the concentration of hydrogen in water, and it increases with increasing hydrogen concentration in water.
